ABSTRACT Protein S-glutathionylation, the reversible formation of a mixed-disulfide between glutathione and protein thiols, is involved in protection of protein cysteines from irreversible oxidation, but also in protein redox regulation. Recent studies have implicated S-glutathionylation as a cellular response to oxidative/nitrosative stress, likely playing an important role in signaling. Considering the potential importance of glutathionylation, a number of methods have been developed for identifying proteins undergoing glutathionylation. These methods, ranging from analysis of purified proteins in vitro to large-scale proteomic analyses in vivo, allowed identification of nearly 200 targets in mammals. By contrast, the number of known glutathionylated proteins is more limited in photosynthetic organisms, although they are severely exposed to oxidative stress. The aim of this review is to detail the methods available for identification and analysis of glutathionylated proteins in vivo and in vitro. The advantages and drawbacks of each technique will be discussed as well as their application to photosynthetic organisms. Furthermore, an overview of known glutathionylated proteins in photosynthetic organisms is provided and the physiological importance of this post-translational modification is discussed.
INTRODUCTION
Glutathione is a small tripeptide (c-L-glutamyl-L-cysteinyl-glycine) existing in the reduced form (GSH) or the oxidized form (GSSG) in which two glutathione molecules are linked via a disulfide bond. It is highly abundant (1-10 mM) in most cells, with the reduced form being predominant. For example, the concentration of glutathione in plant chloroplasts is estimated at between 1 and 4.5 mM and GSSG represents ;10% of this pool (Noctor and Foyer, 1998) . Glutathione is generally considered to constitute a redox buffer that maintains the intracellular environment reduced. It protects many cell types against reactive oxygen species (ROS), xenobiotics and heavy metals damage. In plants, glutathione is also considered crucial in many other processes, including flowering, cell differentiation, programmed cell death, pathogen resistance, symbiosis, or cell cycle. The multiple functions of glutathione in photosynthetic organisms have been extensively reviewed recently (Foyer and Noctor, 2005; Meyer and Hell, 2005; Ogawa, 2005; Noctor, 2006; Pauly et al., 2006; Rouhier et al., 2008) .
Recent studies revealed that glutathione is also involved in a post-translational modification termed glutathionylation. S-thiolation consists of the formation of a reversible mixed disulfide between a small-molecular-weight thiol and a protein cysteine thiol (Gilbert, 1984; Ziegler, 1985) . Since glutathione is, by far, the most abundant low-molecular-weight thiol in cells, glutathionylation represents the major form of S-thiolation. This modification apparently occurs mainly under oxidative stress conditions but may also be important under normal conditions, especially for regeneration of several thiol peroxidases. The exact mechanism leading to protein glutathionylation in vivo is still unclear. The reverse reaction, deglutathionylation, is likely catalyzed by the disulfide oxidoreductases glutaredoxins (GRXs) (Rouhier et al., 2008) . Cysteine thiols can be oxidized to sulfinic or sulfonic acid in the presence of ROS. These oxidation states are generally irreversible, except in the case of 2-cys peroxiredoxins, in which the sulfinic acid form can be regenerated by sulfiredoxin and sestrin (Jacob et al., 2006; Jö nsson and Lowther, 2007) . Glutathionylation can protect cysteine thiols against irreversible oxidation to sulfinic or sulfonic acid but can also alter, either positively or negatively, the activity of many proteins. Therefore, glutathionylation could be an important redox signaling mechanism allowing cells to sense and signal harmful stress conditions and trigger appropriate responses. Glutathionylation has been shown to be involved in the regulation of several signal transduction pathways. In mammals, several proteins of the NF-kappaB pathway appear to be regulated by glutathionylation (Pineda-Molina et al., 2001; Reynaert et al., 2006b; Shelton et al., 2007; Kil et al., 2008) . Glutathionylation was also reported to affect the activity of many protein kinases and phosphatases (Barrett et al., 1999a; Ward et al., 2000; Humphries et al., 2002; Rao and Clayton, 2002; Ward et al., 2002; Chu et al., 2003; Cross and Templeton, 2004; Humphries et al., 2005; Leonberg and Chai, 2007) . Several transcription factors are also likely glutathionylated, such as the c-Jun subunit of the AP-1 complex (Klatt et al., 1999b (Klatt et al., , 1999c , the p50 subunit of NF-kappaB (Pineda-Molina et al., 2001 ), or Nuclear Factor 1 (Bandyopadhyay et al., 1998) . The mechanisms, targets, and functional importance of glutathionylation have been described in several recent reviews and will not be extensively described in this article (Hurd et al., 2005; Ghezzi, 2005a Ghezzi, , 2005b Michelet et al., 2006; Dalle-Donne et al., 2007; Gallogly and Mieyal, 2007; Ghezzi and Di Simplicio, 2007; Townsend, 2007; Dalle-Donne et al., 2008; Rouhier et al., 2008) .
Considering the potential importance of glutathionylation in stress responses and adaptation, a number of methods have been developed for identifying and analyzing proteins undergoing glutathionylation. These methods, which range from the analysis of purified proteins in vitro to large-scale proteomic studies, allowed identification of nearly 200 targets in mammals. The number of known glutathionylated proteins is much more limited in photosynthetic organisms, although they are severely exposed to oxidative stress conditions. Nevertheless, there is a growing interest for glutathionylation in these organisms and the number of known targets started to increase recently with the development of proteomic-based studies. In this review, we will detail the methods available for identification and analysis of glutathionylated proteins in vivo and in vitro. The advantages and limitations of each technique will be discussed, as well as their application to photosynthetic organisms. An overview of known glutathionylated proteins in photosynthetic organisms will also be provided and the possible physiological importance of this post-translational modification will be discussed.
METHODS FOR IDENTIFICATION AND ANALYSIS OF GLUTATHIONYLATED PROTEINS
Two major types of strategies have been developed to detect glutathionylated proteins. The most widely used techniques for proteomic analyses are based on the use of labeled glutathione, by either 35 S radiolabeling or biotinylation. These techniques can be used either in vivo or in vitro and allow detection of glutathione adducts on S-thiolated proteins. The second type of approach is basedonthedetectionofglutathionylatedproteinswithoutlabeling of the glutathione pool using, for example, anti-glutathione antibodies or thiol alkylation after deglutathionylation by GRXs.
Methods Based on Labeling of Glutathione 35 S Radiolabeling
Radiolabeled glutathione is a convenient tool for the analysis of protein glutathionylation. It allows a very sensitive and quantitative detection of glutathionylated proteins. The mixed disulfide between glutathione and protein cysteines can be readily reduced by chemical reductants like dithiothreitol (DTT). Therefore, a control treatment of radioactive samples with DTT allows confirmation that the labeling is indeed linked to glutathionylation. In vitro, the glutathionylation of several proteins has been analyzed using 3 H-GSH (Klatt et al., 1999a (Klatt et al., , 1999c (Klatt et al., , 2000 Pineda-Molina et al., 2001; Cao et al., 2005) or 35 S-GSH (Lind et al., 1998; Ward et al., 2000; Manevich et al., 2004; Hidalgo et al., 2006) . The glutathionylation of mitochondrial complex II was demonstrated by incubation of isolated mitochondria with 35 S-GSH followed by treatment with the thiol-specific oxidant diamide (Hurd et al., 2008) .
Radiolabeling of the glutathione pool by 35 S-cysteine has been the most widely used method for proteomic analysis of glutathionylated proteins in vivo (Figure 1 ). The first step consists of inhibition of protein synthesis with cycloheximide followed by incubation in the presence of 35 S-cysteine. Glutathione is synthesized from glutamate, cysteine, and glycine in two ATP-dependent reactions catalyzed by c-glutamylcysteine synthetase (c-ECS) and glutathione synthetase (Noctor and Foyer, 1998; Meyer and Hell, 2005) . Intracellular cysteine concentrations are maintained in the low micromolar range (up to 50 lM) to avoid generation of hydroxyl radicals by a Fenton-type reaction in the presence of hydrogen peroxide and transition metals (Meyer and Hell, 2005) . In E. coli, high levels of cysteine have been shown to promote oxidative DNA damage through Fenton reactions (Park and Imlay, 2003) . By contrast, the reactivity of the thiol group of glutathione with transition metals being much lower, cells can maintain millimolar concentrations of glutathione. Therefore, under conditions of protein synthesis inhibition,
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S-cysteine will be mainly incorporated into glutathione molecules. In photosynthetic organisms, in addition to cycloheximide, cells are also incubated in the presence of chloramphenicol in order to block chloroplast protein synthesis . After the initial labeling step, the cells are placed under conditions leading to protein S-thiolation, namely oxidative stress conditions, generally triggered by addition of external oxidants such as H 2 O 2 , diamide, or NO donors such as GSNO or PABA/NO. Alternatively, S-thiolation can be achieved by increasing intracellular ROS production such as induction of the respiratory burst in monocytes, which leads to S-thiolation of several proteins (Rokutan et al., 1991; Ravichandran et al., 1994; Seres et al., 1996) . After this second step, proteins can be extracted and separated on non-reducing mono-or bidimensional gels. S-thiolated proteins can be visualized after gel drying by autoradiography or phosphor imaging technologies. DTT treatments of radioactive samples should lead to a loss of the radioactive signal, thereby confirming that the labeling is indeed linked to S-thiolation.
This method was originally developed to study S-thiolation in human monocytes (Rokutan et al., 1991) and allowed the identification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a prominent S-thiolated protein (Ravichandran et al., 1994) . A similar approachallowed the identification ofglutathionylated GAPDH in human endothelial cells (Schuppe-Koistinen et al., 1994) and in yeast (Grant et al., 1999) . This method also led to the identification of several other individual proteins undergoingglutathionylationinmammalsincludingcarbonicanhydrase III (Chai et al., 1994) , actin , ubiquitinconjugatingenzyme(Jahngen-Hodgeetal.,1997),proteinkinase C-a (Ward et al., 2000) , pax-8 (Cao et al., 2005) , cyclophilin A (Ghezzi et al., 2006) , and thioredoxin (Casagrande et al., 2002) . With the development of proteomic approaches, this method was further adapted for large-scale identification of S-thiolated proteins using 2D gels and peptide mass fingerprinting. The first study was performed on human T lymphocytes where 38 S-thiolated proteins could be identified after treatment with diamide or H 2 O 2 . Subsequently, similar studies allowed identification of a number of S-thiolated proteins in several cell types and organisms (Table 1) . We recently employed this strategy to identify S-thiolated proteins in the unicellular green The studies focused on one protein have been omitted from this list.
alga Chlamydomonas reinhardtii after diamide treatment . Oxidative treatment with diamide led to the identification of 25 targets, mainly chloroplastic and involved in diverse metabolic processes (detailed below). The 35 S-cysteine labeling method has, however, several major drawbacks. The major problem resides in the necessary pretreatment with protein synthesis inhibitors that will unavoidably perturb cell physiology. Moreover, this method does not allow discriminating between the different possible types of S-thiolation, although glutathionylation is considered to be predominant. Indeed, some of the radiolabeled proteins might not be glutathionylated but cysteinylated or S-thiolated by other low-molecular-weight compounds synthesized from cysteine, such as the 398-Da molecule recently identified in B. subtilis (Lee et al., 2007) . The contribution of glutathionylation to the total labeling can be estimated in the presence of buthionine sulfoximine (BSO), a specific inhibitor of c-ECS. In human T cells, more than 80% of the radiolabeling is lost in the presence of BSO, thereby confirming that glutathionylation is the major type of S-thiolation . Nevertheless, the situation might be different in other cell types or other organisms. In B. subtilis, the six S-thiolated proteins identified by 35 S-cysteine labeling were all found to be cysteinylated rather than glutathionylated (Hochgrä fe et al., 2007) . Another limitation is linked to the necessity to perform 2D gels to visualize the S-thiolated proteins. The loading limit of 2D gels will favor the identification of abundant proteins. Though this problem might be partly overcome by fractionation of the extract before 2D electrophoresis, low abundance proteins will probably not be identified with this method. Similarly, proteins with a high or low pI or a very high or very low molecular weight will not be detected. The sensitivity of this method is also limited by the low specific activity of the 35 S-labeled glutathione pool. This limitation seems particularly problematic in photosynthetic cells where cysteine might be less efficiently imported from the medium than in human cells. This problem has impaired the identification of 35 S-thiolated proteins in Arabidopsis cell cultures (Dixon et al., 2005b) . In Chlamydomonas, the cells had to be incubated for several hours in the presence of 35 S-cysteine in order to detect S-thiolated proteins while less than 30 min are required in non-photosynthetic cells.
Another drawback is that the use of this method is restricted to cell cultures, thereby avoiding studies on whole plants under physiological conditions, and strongly limiting genetic analyses. Finally, this method can only detect proteins undergoing glutathionylation during the treatment while some proteins might be already glutathionylated under basal conditions. Despite its numerous limitations and drawbacks, the 35 Scysteine labeling method has allowed identification of most known S-thiolated proteins. The method can be useful for identification of most abundant S-thiolated proteins in cell cultures while other methods will have to be employed for the analysis of low abundance proteins.
Biotinylated Glutathione
Biotinylated glutathione can be easily synthesized in vitro either in the reduced (BioGSH) or oxidized form (BioGSSG). An analog of reduced glutathione, glutathione ethyl ester (GEE), can also be used to generate a membrane-permeable form of biotinylated glutathione (BioGEE). The synthesis of all these compounds is based on the use of a water-soluble biotinylation reagent, named sulfosuccinimidyl-6-(biotinamido)hexanoate (Sulfo-NHS-Biotin) ( Figure 2A ). The biotinylation reagent is used to couple biotin to the primary amino groups of glutathione under mild alkaline conditions using an aminefree buffer. After the reaction is completed, any remaining biotinylation reagent is quenched by the addition of an amine-containing buffer to a 10-fold molar excess of the starting sulfo-NHS-biotin concentration. Depending on the glutathione form, the biotinylation reagent is reacted with the reduced form (GSH or GEE) at a 1:1 molar ratio, while a 2:1 molar ratio is used with the oxidized form. However, when the biotinylated reagent is coupled to reduced glutathione, it can react with the sulfur atom of glutathione, decreasing the total amount of free-thiol biotinylated glutathione ( Figure 2B ). In the case of oxidized glutathione, the presence of two primary amino groups at the opposite ends of GSSG leads to the incorporation of two biotin moieties into the GSSG molecule ( Figure 2C ). The resulting biotinylated glutathione molecules can be used as an effective marker for oxidantinduced S-glutathionylation. The presence of the biotin moiety on glutathione allows a sensitive and specific detection of glutathionylated proteins by non-reducing Western blot probed with commercially available streptavidin-horseradish peroxidase or anti-biotin antibodies.
Biotinylated glutathione has been used to analyze the glutathionylation of several purified proteins in vitro, including p53 (Velu et al., 2007) , caspase-3 (Huang et al., 2008) , the cysteinyl-rich oligopeptidase EP24.15 (Demasi et al., 2008) , GAPDH (Holtgrefe et al., 2008) , or carbonic anhydrase III and malate dehydrogenase (Niture et al., 2005) . Biotin-labeled glutathione can also be used in vivo for proteomic identification of glutathionylated proteins. When BioGSSG is used, it mimics a defined component of oxidative stress, namely a shift in the glutathione redox couple to the oxidized disulfide state. By contrast, BioGSH and BioGEE do not induce oxidative stress and they are used in combination with oxidants, such as diamide or H 2 O 2 . Biotin-labeled proteins can be affinity purified on avidin-conjugated agarose beads. After extensive washing with detergent buffer, proteins bound to avidin via a mixeddisulfide bond with biotinylated glutathione can be eluted by incubation with reducing agents, such as reduced DTT or b-mercaptoethanol, and identified by mass spectrometry. Initially, BioGEE was used to identify annexin A2 and peroxiredoxin II as glutathionylated proteins in Hela cells after an oxidant stress caused by exogenous H 2 O 2 or generated in response to TNF-a (Sullivan et al., 2000) . In Arabidopsis cell cultures treated with H 2 O 2 , BioGEE allowed visualization of 22 glutathionylated proteins, two of which, cytosolic triose phosphate isomerase (TPI) and chloroplastic fructose-1,6-bisphosphate aldolase, were identified by Edman sequencing (Ito et al., 2003) . Nine other proteins glutathionylated in vivo were found in Arabidopsis dark-grown cell cultures after tert-butyl hydroperoxide (tBOOH) treatment in the presence of BioGSSG (Dixon et al., 2005b) . In vitro treatments of total extracts from these Arabidopsis cells with BioGSSG followed by streptavidin agarose affinity purification and 2D gels led to the identification of 72 proteins. However, only 22 proteins could be eluted by DTT from the column under denaturing washes, suggesting that some of the targets might not be glutathionylated directly but rather associated with glutathionylated proteins. This underlines that caution should be taken when defining the conditions for washing the column before DTT elution. BioGSSG also recently allowed identification of 11 glutathionylated proteins by LC-MS/MS in rat heart during post-ischemic reperfusion (Brennan et al., 2006) . S-thiolation has also been investigated with biotinylated cysteine (Eaton et al., 2002a (Eaton et al., , 2002b Sadidi et al., 2005) . Moreover, different forms of biotinylated glutathione have been employed in focused studies to demonstrate the glutathionylation of several proteins in vivo, including GAPDH (Eaton et al., 2002c) , IKK-b (Reynaert et al., 2006b) , mitochondrial complex I (Hurd et al., 2008) , CFTR chloride channel (Wang et al., 2005) , Ras (Adachi et al., 2004a) , and annexin A2 (Caplan et al., 2004) .
Biotin-based strategies for proteomic analysis of glutathionylated proteins have several advantages compared to 35 S-cysteine labeling methods. First, protein synthesis does not have to be inhibited during the oxidative stress treatment. Second, this method only detects glutathionylated proteins rather than all S-thiolation targets. Third, the affinity purification is very specific and overcomes 2D-gel limitations. The targets can be analyzed on 2D gels only loaded with glutathionylated proteins rather than total extracts, allowing detection of significantly less abundant proteins. Alternatively, eluted proteins can be analyzed by highly sensitive and highthroughput proteomic methods such as nanoLC-MS/MS. Finally, the presence of the biotin tag on the proteins of interest allows their detection by multiple methods such as immunoblotting with or without prior immunoprecipitation using biotin antibodies or HRP-avidin (Reynaert et al., 2006a) , batch or column-based affinity purifications, or cellular localization by fluorescence microscopy (Brennan et al., 2006) . Despite all these advantages, much fewer glutathionylated proteins have been identified with this method than by 35 Scysteine labeling. The major drawback of the methods based on biotinylated glutathione is the presence of the bulky biotin tag on the glutathione molecule that might perturb the function of proteins interacting with glutathione and especially those controlling glutathionylation. For example, we have observed that some proteins glutathionylated with biotinylated glutathione could not be deglutathionylated by GRXs (Zaffagnini and Lemaire, unpublished results) . A common drawback of both labeling methods is that they do not give access to proteins glutathionylated under basal conditions.
Anti-Glutathione Antibodies
Glutathionylated proteins can also be detected with commercially available anti-glutathione antibodies. Methods based on such antibodies are promising, since they could overcome most problems encountered with 35 S and biotin labeling methods. Indeed, with anti-glutathione antibodies, glutathionylated proteins could be analyzed under more physiological conditions, since no pretreatment is required. This could allow detection of glutathionylated proteins by Western blots with 1D or 2D gels, by immunoprecipitation, or even by immunocytolocalization. Almost all published studies have been performed with a mouse monoclonal antibody (Virogen, Watertown, USA), which has proved useful to analyze, in vivo, the glutathionylation of actin (Dalle-Donne et al., 2003; Wang et al., 2003; Fiaschi et al., 2006) , tubulin (Landino et al., 2004; Fernandes et al., 2005) , cS-crystallin (Craghill et al., 2004) , HSP70 (Hoppe et al., 2004; West et al., 2006) , and Type 1 calcium release channels (Aracena et al., 2005; Aracena-Parks et al., 2006) . These proteins can probably be detected in total extracts because they are very abundant. Indeed, this antibody exhibits a low sensitivity that greatly limits the number of glutathionylated proteins detected. This sensitivity issue can be partly overcome by working on purified proteins or fractions enriched with the protein of interest. The anti-glutathione antibody has been used to study several purified proteins such as IKappaBa (Kil et al., 2008) , aconitase (Han et al., 2005) , carbonic anhydrase III (Rizzello et al., 2007) , tyrosine hydroxylase (Sadidi et al., 2005) , or branched chain aminotransferase (Conway et al., 2008) . Immunoprecipitation with a specific antibody followed by Western blot with the anti-glutathione antibody was also used for interferon regulatory protein 3 (Prinarakis et al., 2008) , mitochondrial complex II (Chen et al., 2007) , IKKb (Reynaert et al., 2006b ), p53 (Velu et al., 2007) , or protein tyrosine phosphatase 1B (Rinna et al., 2006) . However, this preliminary enrichment is only possible when the target protein is known and it is therefore not applicable for proteomic identification of unknown glutathionylated proteins. In total extracts, the anti-glutathione antibody only detects few abundant proteins (Brennan et al., 2006) . Every proteomic study based on the use of this antibody led to the identification of only four or five abundant proteins such as HSP70 or actin (Craghill et al., 2004; West et al., 2006; Newman et al., 2007) (Table 1 ). The number of glutathionylated proteins detected appears higher with strong inducers of glutathionylation such as PABA/NO Townsend et al., 2006) . A major drawback of the anti-glutathione antibody concerns its specificity. Indeed, glutathione is a very flexible molecule that can potentially exhibit hundreds of conformations, either in solution or bound to proteins (Lampela et al., 2003) . Hence, the affinity of the antibody for glutathionylated proteins is likely to vary greatly, depending on the conformation of the glutathione adduct and the environment of the thiolated cysteine. We have observed, for example, that several purified plant proteins for which glutathionylation was confirmed by MALDI-TOF mass spectrometry were not detected by the antibody on Western blots (Zaffagnini and Lemaire, unpublished results) . Conversely, it has been reported that some proteins containing the Glu-Cys-Gly sequence in their primary structure could react with the antibody (Demasi et al., 2008) . Other commercially available antibodies appear to have the same problems of sensitivity and specificity (Murakami and Mawatari, 2003; Mawatari and Murakami, 2004; Castellano et al., 2008) . Overall, the anti-glutathione antibodies currently available can prove useful for the analysis of individual proteins but do not appear to be appropriate for large-scale detection of glutathionylated proteins by proteomic approaches.
Reduction of Glutathionylated Proteins by GRX
GRXs are small disulfide oxidoreductases belonging to the thioredoxin (TRX) superfamily (Rouhier et al., 2008) . GRX was the first enzyme identified as a specific glutathionyl-mixed disulfide oxidoreductase (Gravina and Mieyal, 1993) . This catalysis of deglutathionylation is performed much more efficiently by GRXs than by other disulfide oxidoreductases such as TRXs or protein disulfide isomerases (Jung and Thomas, 1996; Zaffagnini et al., 2008) . GRXs have also been suggested to play a role in the catalysis of glutathionylation (Starke et al., 2003; Beer et al., 2004) . They constitute a multigenic family classified in different subgroups (Lillig et al., 2008) . Plant genomes contain around 30 different GRX genes (Lemaire, 2004; Rouhier et al., 2004 Rouhier et al., , 2006 . Classical GRXs possess a CPYC active site with two vicinal cysteines forming a glutathione reducible disulfide. These GRXs can catalyze protein disulfide oxidoreduction and deglutathionylation. The latter reaction can occur through a dithiol mechanism involving the formation of a disulfide bond at the active site of GRX but also through a monothiol mechanism that only requires the most N-terminal active site cysteine (Rouhier et al., 2008) . On the other hand, both cysteines are required for disulfide reduction. Therefore, a monocysteinic mutant of GRX retaining only the most N-terminal active site cysteine (CPYS) can catalyze protein deglutathionylation but cannot reduce protein disulfides anymore (Nordstrand et al., 1999) . A second ubiquitous class of GRX corresponds to proteins harboring a CGFS active site sequence. Despite the presence of only one active site cysteine, some CGFS-type GRXs contain a disulfide involving a partially conserved C-terminal cysteine. These GRXs have been shown to catalyze deglutathionylation, presumably through a dithiol mechanism (Tamarit et al., 2003; Zaffagnini et al., 2008) . Moreover, CGFS-type GRXs are apparently not reduced by GSH but by thioredoxin reductases (Fernandes et al., 2005; Zaffagnini et al., 2008) .
Based on the properties of GRXs, a method has been developed to identify glutathionylated proteins by GRX reduction (Figure 3 ). This method, developed by Lind et al. (2002) , is based on the use of a monocysteinic mutant of E. coli GRX3 that specifically deglutathionylates proteins in vitro in the presence of GSH. Protein extracts are initially heavily alkylated with N-ethylmaleimide (NEM) to block all free thiols. After reduction by the monocysteinic GRX, the newly accessible thiols are derivatized by NEM-biotin to tag proteins that were initially glutathionylated in the extract. These proteins are then purified by avidin affinity chromatography and identified by proteomic analysis as described above for methods using biotinylated glutathione. This approach allows detection of glutathionylated proteins in more physiological conditions than the labeling methods, since no pretreatment is required. Furthermore, one of its major advantages is to allow detection of proteins already glutathionylated under basal conditions. This approach initially allowed identification of 22 proteins undergoing glutathionylation after diamide treatment of human ECV304 endothelial cells but also 21 proteins glutathionylated in untreated cells (Lind et al., 2002) . Considering the number of target proteins identified, the GRX reduction method appears quite sensitive. Combined to LC-MS/MS and elution by biotin competition or acetic acid, this method allowed identification of the glutathionylation sites of c-actin, hsp60, and elongation factor 1-a-1 (Hamnell-Pamment et al., 2005) . More recently, this method was used to study the glutathionylation of a-ketoglutarate dehydrogenase (Applegate et al., 2008) . A similar approach based on the use of streptavidin-FITC has been employed for in-situ visualization of glutathionylated proteins (Reynaert et al., 2006a) . Additional glutathionylated proteins could be identified with the same approach by replacing the mutant GRX by other enzymes potentially catalyzing deglutathionylation, such as sulfiredoxin . One limitation of this method is linked to the possible specificity of E. coli GRX3 for some glutathionylated proteins. However, this method could also be useful to explore the specificities of GRXs. Indeed, it could be interesting to determine if different proteins are identified after reduction of a protein extract by different GRX mutants.
Other Methods
Several other methods have been proposed to detect and identify glutathionylated proteins. The GST overlay approach is based on the ability of a GST from Schistosoma japonicum to specifically bind to the glutathione moiety of glutathionylated proteins (Cheng et al., 2005) . In this method, proteins from total extracts are separated by SDS-PAGE and blotted onto nitrocellulose membranes that are incubated with biotin-labeled GST. Glutathionylated proteins are then visualized by chemiluminescence after HRP-avidin incubation. This method is, as several of the previous ones, intrinsically limited by the necessity to separate the proteins on a gel and to transfer them on a membrane before glutathionylated proteins can be detected. Moreover, the specificity and sensitivity of this approach are not known. The GST overlay was used to study p53 glutathionylation after immunoprecipitation (Velu et al., 2007) and the glutathionylation of proteins in serum (Nonaka et al., 2007) but it has not yet been used for proteomic analysis.
Several studies have used immobilized glutathione or its analogs to affinity purify proteins containing reactive cysteines susceptible to undergoing glutathionylation. While these methods do not allow in vivo analyses, they may be complementary to techniques based on radiolabeled or biotinylated glutathione for the analysis of glutathionylation targets in vitro. GSH and GSSG affinity matrices allowed identification of seven candidate glutathionylated proteins by Western blot (Niture et al., 2005) and were also used to study the glutathionylation of SERCA (Adachi et al., 2004b ) and p53 (Velu et al., 2007) . Several proteins undergoing glutathionylation were also shown to bind to GSNO sepharose columns (Klatt et al., 2000) . On a larger scale, many techniques based on spectrophotometric assays, HPLC, or mass spectrometry are available for quantification of the total content of glutathionylated proteins in protein extracts (reviewed in Dalle-Donne et al., 2008) .
Conclusion
To date, although 35 S-cysteine labeling has several major drawbacks, most known glutathionylated proteins were identified with this method. All the methods for proteomic analysis of glutathionylated proteins described above are complementary, since they exhibit different advantages and drawbacks (Table 2 ). In the future, a combination of all these methods as well as newly developed approaches will be required to get further insights into the diversity of proteins undergoing glutathionylation in vivo in different organisms, different cells, and different physiological conditions.
3-GLUTATHIONYLATION IN PHOTOSYNTHETIC ORGANISMS
Compared to mammals, much less is known on glutathionylation in photosynthetic organisms where redox proteomic approaches have been mainly focused on the identification of proteins interacting with TRXs (Schurmann and Buchanan, 2008) . Overall proteomics allowed identification of around 300 putative TRX targets in different organisms and sub-cellular compartments (Buchanan and Balmer, 2005; Michelet et al., 2006) . However, many glutathionylated proteins identified in mammals are found among these possible targets of TRXs. Though some proteins might be regulated by TRX and glutathionylation, this striking overlap suggests that some of the methods used to detect TRX targets and especially TRX affinity columns are also detecting glutathionylated proteins. Therefore, a number of glutathionylated proteins might be currently considered as putative TRX targets and their identification appears important to get more insights into the complex network of redox-regulated processes in plant cells.
To our knowledge, the first plant proteins reported to undergo glutathionylation were GSTs from Arabidopsis thaliana (Dixon et al., 2002) . These GSTs differ from other isoforms by containing a cysteine in place of a serine in their active site and are separated in two classes. The first class corresponds to proteins with glutathione-dependent dehydroascorbate reductase (DHAR) and thioltransferase activities like GRXs. The two cytosolic DHAR-GSTs were found to undergo glutathionylation in vitro in the presence of GSSG. The mixed disulfide form was proposed to constitute a key intermediate in the catalytic mechanism for DHA reduction. The second class corresponds to Lambda GSTs (GSTL), which only possess thioltransferase activity. Two of these enzymes are glutathionylated in vitro by GSSG treatment. A soybean protein tyrosine phosphatase (PTP) was reported to undergo oxidative inactivation during GSSG treatment in vitro (Dixon et al., 2005a) . In mammals, it is well established that PTP-1B can be protected from oxidative inactivation by glutathionylation (Barrett et al., 1999a (Barrett et al., , 1999b or by formation of a sulfenyl amide (Salmeen et al., 2003; van Montfort et al., 2003) . Other phosphatases can also be protected by formation of an intramolecular disulfide (Caselli et al., 1998; Lee et al., 2002; Savitsky and Finkel, 2002) . Compared to its mammalian counterparts, the plant enzyme is surprisingly insensitive to inactivation by H 2 O 2 but hypersensitive to GSSG (Dixon et al., 2005a) . The inactivation of soybean PTP by GSSG was proposed to be mediated by glutathionylation of a cysteine residue but also by a glutathionylation-triggered formation of a disulfide bond. This inactivation likely protects the enzyme under highly oxidizing conditions. Glutathionylation of the poplar type II peroxiredoxin, PRXIIB, on its active site cysteine was found to induce dissociation of its non-covalent homodimers into monomers (Noguera-Mazon et al., 2006) . This suggested the existence of a redox-dependent dimer-monomer switch in the PRX family.
Human TRX was identified among in vivo glutathionylated targets by 35 S-cysteine proteomic analysis and biochemical studies revealed that the modification likely decreases its (Casagrande et al., 2002; Fratelli et al., 2002) . While non-photosynthetic organisms usually contain one to three TRXs, multiple isoforms are present in plants (Lemaire et al., 2003; Buchanan and Balmer, 2005; Gelhaye et al., 2005; , some of which undergo glutathionylation in vitro.
In the case of poplar mitochondrial TRXh2, glutathionylation of an additional cysteine, distinct from the two active site cysteines, appears to increase the redox potential of the enzyme and is therefore likely to affect its activity . In Arabidopsis thaliana, nine different TRX isoforms classified into four subtypes (f, m, x and y) are present in chloroplasts . In vitro analyses on Chlamydomonas and Arabidopsis chloroplastic TRXs revealed that only f-type TRXs could undergo glutathionylation (Michelet et al., 2005) . These TRXs play a major role in the light regulation of carbon metabolisms and especially the Calvin-Benson cycle. They are oxidized in the dark and reduced in the light by Ferredoxin-Thioredoxin Reductase (FTR). Once reduced, TRXs f are in turn able to reduce specific regulatory disulfides on their target enzymes, including several enzymes of the Calvin-Benson cycle that are inactive in the dark and activated under illumination by f-type TRXs. Glutathionylation of TRX f specifically affects an extra cysteine, conserved in all f-type TRXs, and sharing a similar position, close to the active site disulfide. The glutathionylation of this residue lowers the ability of TRX f to activate its target enzymes in the light. This effect is probably due to a perturbation of the interaction of TRX f with FTR resulting in a decrease of TRX f reduction in the light. Consequently, glutathionylation of TRX f is likely to decrease the activation of all TRX f targets in the light and could therefore constitute a new mechanism of regulation of photosynthetic metabolism under oxidizing conditions (Michelet et al., 2005; Lemaire et al., 2007) . Cytosolic GAPDH, a glycolytic enzyme, was one of the first targets of glutathionylation identified and is one of the best studied glutathionylated enzymes (Schuppe-Koistinen et al., 1994) . GAPDH contains a highly reactive active site cysteine whose thiol group is readily oxidized to sulfenic acid in the presence of H 2 O 2 . Overoxidation to the sulfonic and sulfinic acid forms leads to irreversible inactivation of the enzyme. However, the enzyme can be protected from this inactivation by glutathionylation triggered by reaction of the cysteine sulfenic acid with reduced glutathione. In plants, cytosolic GAPDH isoforms were also shown to undergo glutathionylation in vitro (Holtgrefe et al., 2008) . Plants also contain, in addition to glycolytic isoforms, two GAPDH in chloroplast, A 4 and A 2 B 2 , which belong to the Calvin-Benson cycle. The NADPHdependent activity of the major isoform, A 2 B 2 , is specifically light regulated by TRX f while the A 4 isoform is not. Conversely, A 4 -GAPDH undergoes glutathionylation in vitro in the presence of H 2 O 2 and GSH while A 2 B 2 -GAPDH does not . As in the cytosolic isoforms, glutathionylation of A 4 -GAPDH occurs on the active site cysteine and protects the enzyme from irreversible oxidation. These results suggest that under conditions leading to glutathionylation in chloroplasts, the activity of both GAPDH isoforms is affected, either directly in the case of A 4 -GAPDH or indirectly through glutathionylation of TRX f in the case of A 2 B 2 -GAPDH.
Besides the in vitro studies on purified proteins described above, three proteomic studies aimed at identifying glutathionylated proteins have been performed in photosynthetic organisms and considerably increased the number of known targets. The list of all glutathionylated proteins identified in vivo and in vitro is presented in Table 3 . BioGEE allowed identification of two enzymes glutathionylated in vivo in Arabidopsis cell cultures: cytosolic TPI and the Calvin-Benson cycle enzyme fructose-1,6-bisphophate aldolase (Ito et al., 2003) . In vitro, recombinant TPI appears to be inactivated by glutathionylation. A second study, on dark-grown Arabidopsis cell cultures treated with BioGSSG and tBOOH, identified nine glutathionylated proteins in vivo: tubulin a and b, cytosolic GAPDH, hsc70-1, two isoforms of sucrose synthase, transducin, actin, and acetyl-CoA carboxylase (Dixon et al., 2005b) . Most of these targets were previously identified in mammals, suggesting that common redox regulation mechanisms are shared between plants and animals. BioGSSG was also used to identify proteins susceptible to glutathionylation in vitro in cellular extracts from dark-grown Arabidopsis cell cultures (Dixon et al., 2005b) . A total of 71 proteins glutathionylated or associated with glutathionylated proteins were identified on 2D gels by peptide mass fingerprinting after DTT elution from the streptavidin affinity column. Interestingly, two targets, methionine synthase and alcohol dehydrogenase, required, to undergo glutathionylation in vitro, a component from Arabidopsis extracts sensitive to cysteine alkylation (Dixon et al., 2005b) . Surprisingly, very few chloroplastic proteins were found among glutathionylated proteins in Arabidopsis extracts but this may reflect the use of dark-grown cells. Indeed, chloroplast being the major site of ROS production in the light (Foyer et al., 1997) , glutathionylation is likely to be an important regulatory mechanism in this compartment. More recently, 25 proteins glutathionylated in vivo were identified by 35 S-cysteine labeling in Chlamydomonas cell cultures grown in the light . Among these targets, 18 are located in the chloroplast, confirming the assumption that glutathionylation may be important in this compartment. Three of these targets were produced as recombinant proteins and purified for further analyses in vitro. The glutathionylation of chloroplastic HSP70B occurs specifically on one of its three cysteines and is likely to affect the activity of this molecular chaperone, since the targeted residue is located in the ATPase domain of the protein. In the case of chloroplastic 2-cys PRX, glutathionylation of the two conserved cysteines was found to induce a dimer/monomer transition as previously observed for poplar PRXIIB (Noguera-Mazon et al., 2006) . The third studied enzyme, isocitrate lyase, is a key enzyme of acetate assimilation that is reversibly inactivated by glutathionylation of two cysteines .
Overall, in photosynthetic organisms, 36 proteins were found to undergo glutathionylation in vivo while 89 are putative targets identified in vitro (Table 3 ). All these targets participate in diverse biological processes such as photosynthesis, oxidative stress responses, protein folding, amino acid, ATP metabolism, etc. The presence of many proteins related to stress responses, such as peroxiredoxins or chaperones, was also observed in non-photosynthetic organisms and is not surprising considering that glutathionylation is triggered by prooxidizing conditions. Glutathionylation may also be important for the regulation of photosynthesis, especially the CalvinBenson cycle. Four enzymes of this pathway are well characterized TRX targets that are activated in the light by reduction of a regulatory disulfide . Moreover, proteomic studies, based on monocysteinic affinity columns or derivatization of cysteines exposed after TRX reduction, have identified all 11 Calvin-Benson cycle enzymes as putative TRX targets. In addition to A 4 -GAPDH and FBP aldolase, two new Calvin-Benson cycle enzymes, phosphoglycerate kinase and ribose-5-phosphate isomerase, were found to be S-thiolated in vivo in Chlamydomonas . Considering the similarities between cytosolic and chloroplastic TPI Organism: At, Arabidopsis thaliana; Cr, Chlamydomonas reinhardtii; Gm, Glycine max; Ptre; Populus tremula; Ptri, Populus trichocarpa; So, Spinacia oleracea. Loc, Established or predicted sub-cellular localization; C, cytosolic; M, mitochondrial; P, plastidial; ER, endoplasmic reticulum; F, flagella; N, nuclear. For Arabidopsis proteins, predictions were performed with the Arabidopsis SubCellular Database (available at www.plantenergy.uwa.edu. au/applications/suba). Ref, References; 1: Dixon et al., 2002; 2: Ito et al., 2003; 3: Gelhaye et al., 2004; 4: Dixon et al., 2005a; 5: Dixon et al., 2005b; 6: Michelet et al., 2005; 7: Noguera-Mazon et al., 2006; 8: Zaffagnini et al., 2007; 9: Holtgrefe et al., 2008; 10: Michelet et al., 2008 . Proteins marked by an asterisk are either glutathionylated or associated with a glutathionylated protein.
isoforms, the TPI participating in the Calvin-Benson cycle is also likely to be regulated by glutathionylation (Ito et al., 2003) . Finally, the glutathionylation of TRX f likely affects the regulation of all TRX-regulated Calvin-Benson cycle enzymes. All these data suggest the existence of a complex cross-talk between TRX and glutathionylation, which deserves further examination (Michelet et al., 2006) . We have proposed that glutathionylation could decrease the turnover of the Calvin-Benson cycle under oxidative stress conditions, thereby allowing a redistribution of reducing power in the chloroplast to cope with ROS (Michelet et al., 2005; Lemaire et al., 2007) . In order to understand the role and importance of protein glutathionylation in photosynthetic organisms, the enzymes controlling this post-translational modification will have to be characterized. GRXs likely play a major role in the control of deglutathionylation reactions. The analysis of GRX function is a difficult task because of the presence of ;30 different GRX isoforms in plants (Lemaire, 2004; Rouhier et al., 2004 Rouhier et al., , 2006 . Nevertheless, during the last 5 years, knowledge on the function and biochemical properties of GRXs in photosynthetic organisms has rapidly increased (reviewed in Rouhier et al., 2008) . Plant GRXs were recently shown to be involved in iron-sulfur cluster assembly/biogenesis (Feng et al., 2006; Picciocchi et al., 2007; Rouhier et al., 2007; Bandyopadhyay et al., 2008) , petal development (Xing et al., 2005) , and plant/pathogen interactions (Ndamukong et al., 2007) . Plant GRXs probably also play a role in oxidative stress responses by reducing peroxides (Lee et al., 2002) , methionine sulfoxide reductases (Vieira Dos Santos et al., 2007) , or peroxiredoxins (Rouhier et al., 2001 (Rouhier et al., , 2002 Finkemeier et al., 2005; Gama et al., 2007) . We have recently characterized the biochemical properties of two Chlamydomonas GRXs, including their ability to catalyze the deglutathionylation of A 4 -GAPDH . Cytosolic GRX1 is a classical CPYC-type GRX that is reduced by GSH and exhibits DHAR and disulfide reductase activities but can also catalyze deglutathionylation very efficiently. On the other hand, chloroplastic GRX3, which is a CGFS-type GRX, cannot use GSH as an electron donor but is efficiently reduced by FTR in the light. Moreover, GRX3 is probably only able to catalyze deglutathionylation, since it does not exhibit any activity in the DHA or disulfide reduction assays. In contrast, chloroplastic and cytosolic TRXs have almost no deglutathionylation activity. These data suggest that in photosynthetic organisms, GRXs are key enzymes for regulation of deglutathionylation processes. Moreover, these results also indicate that different GRX isoforms may exhibit different biochemical properties. This suggests that the multiple isoforms of GRXs present in plants may constitute, together with TRXs, a complex network of redox regulators that deserve further attention. In the future, the ability of GRXs to catalyze glutathionylation should be analyzed, as well as the potential role of other enzymes such as GSTs or sulfiredoxins. Genetic analyses will also have to be performed to further define the importance of these enzymes in vivo. Our knowledge on glutathionylation in photosynthetic organisms has only started to increase recently. The number of known glutathionylated proteins will probably continue to expand rapidly with the appearance of new proteomic studies. The use of highly sensitive methods under normal conditions could allow identification of enzymes whose catalytic cycle includes formation of a glutathionylated intermediate. The effect of glutathionylation on the new targets will have to be examined carefully, both in vitro and in vivo. In parallel, the physiological conditions triggering glutathionylation in vivo will have to be explored. The combination of these different approaches will be required to get further insights into the role and the importance of glutathionylation in photosynthetic organisms.
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